1. Introduction
===============

Gamma-aminobutyric acid (GABA) is a non-protein amino acid widespread in the environment \[[@b1-ijms-14-12186]\]. Also, many bacteria, such as *Pseudomonas aeruginosa* \[[@b2-ijms-14-12186],[@b3-ijms-14-12186]\], *Pseudomonas fluorescens* \[[@b4-ijms-14-12186]\], marine *Pseudomonas* \[[@b5-ijms-14-12186],[@b6-ijms-14-12186]\], lactic bacteria \[[@b7-ijms-14-12186]\] and *Escherichia coli* \[[@b8-ijms-14-12186]\], can synthesize GABA. Some of these bacteria release GABA, suggesting that GABA should act as a communication molecule between bacteria and their host or even between bacteria. Indeed, different GABA binding sites or sensors have been identified in bacteria. A GabP permease has been isolated in *E. coli* and *Bacillus subtilis* \[[@b9-ijms-14-12186],[@b10-ijms-14-12186]\]. *Corynebacterium glutamicum* expresses a specific GABA transporter, also designated as GabP, but having low sequence identity with the GabP permease \[[@b11-ijms-14-12186]\]. A selective GABA binding protein, Atu4243, was identified more recently in *Agrobacterium tumefaciens* and in several pathogenic or symbiotic Proteobacteria, including *Pseudomonas* \[[@b12-ijms-14-12186]\]. Last year, we observed that in *P. aeruginosa*, GABA could bind the thermo-unstable ribosomal elongation factor, Tuf, a multiple function protein potentially translocated to the bacterial membrane, where it could act as a surface sensor \[[@b13-ijms-14-12186]\]. A GABA binding protein (GBP), sharing common biochemical and pharmacological characteristics with the mammalian GABA~A~ receptor, was identified 20 years ago in an environmental strain of *P. fluorescens* \[[@b14-ijms-14-12186]\], but this strain was patented and not deposited in international bacterial strains libraries. Until now, the recognition of GABA by other strains of *P. fluorescens* was not investigated, and the function of this molecule in *P. fluorescens* remains unknown.

In *Lactobacillus*, *Lactococcus lactis* and *E. coli*, GABA is involved in the resistance to acid stress \[[@b15-ijms-14-12186],[@b16-ijms-14-12186]\], and in many species, including *Shigella flexneri* and *Listeria monocytogenes*, this system should be essential for colonization of the gastro-intestinal tract \[[@b17-ijms-14-12186]\]. The physiological role of GABA was investigated in detail in *A. tumefaciens*, where it was shown that this molecule, which is released by plants in response to infection, induces the expression of a lactonase that cleaves *N*-3-oxo-octanoyl-[l]{.smallcaps}-homoserine lactone (3-oxo-C8-HSL), leading to a reduction of tumor formation \[[@b18-ijms-14-12186]\]. GABA is also an inhibitor of virulence in the phytopathogen *Pseudomonas syringae* pv. tomato, where at high concentrations, it downregulates the expression of *hrp* genes and increases the resistance of the plant to infection \[[@b19-ijms-14-12186]\]. Conversely, in the human opportunistic pathogen, *P. aeruginosa*, GABA reduces biofilm formation activity, but increases the production of hydrogen cyanide and its virulence \[[@b13-ijms-14-12186]\]. It was then particularly interesting to investigate the effect of GABA on *P. fluorescens*, which is frequently found in the rhizosphere, where it can enhance the resistance of plants against bacterial pathogens, including *P. syringae* pv. tomato \[[@b20-ijms-14-12186]\], but is also found in the clinical environment, where some strains adapted to the human physiological temperature behave clearly as opportunistic pathogens \[[@b21-ijms-14-12186]\].

In the present study, we investigated the effect of GABA on the growth kinetic, mobility, cytotoxic activity, binding potential on biotic and abiotic surfaces, biofilm formation activity, surface polarity, biosurfactant production, lipopolysaccharide (LPS) structure, exoenzymes secretion and pyoverdine production by environmental and clinical strains of *P. fluorescens*.

2. Results
==========

2.1. Effect of GABA on the Cytotoxic Activity, Adhesion Potential, Biofilm Formation Activity and Surface Properties of *Pseudomonas fluorescens*
-------------------------------------------------------------------------------------------------------------------------------------------------

Before the tests, bacteria were exposed to GABA 10^−5^ M during the whole growth phase and rinsed to remove any trace of free GABA. The concentration of 10^−5^ M was selected to avoid any possible metabolic or pH effect and because it is the mean value of the concentrations in the synaptic cleft of neurons (1.5--3 mM \[[@b22-ijms-14-12186]\]), in wounded vegetal (10^−4^ M \[[@b23-ijms-14-12186]\]) and in the environment (sea water concentration \<10^−7^ M \[[@b24-ijms-14-12186]\]). Administration of GABA did not modify the growth kinetic or the swimming and swarming mobility of the psychrotrophic strain of *P. fluorescens* MF37 (data not shown). The cytotoxic activity of *P. fluorescens* MF37 was studied using a model of cultured rat glial cells \[[@b25-ijms-14-12186]\], and the cell viability was determined by measurement of the release of lactate dehydrogenase (LDH) and nitrite ions in the culture medium. In comparison to the cells exposed to control bacteria, when glial cells were exposed to *P. fluorescens* MF37 treated with GABA (10^−5^ M), we observed a significant increase of LDH release (+71.5% ± 5.4%, *p* \< 0.001) ([Figure 1A](#f1-ijms-14-12186){ref-type="fig"}) and a decrease of the nitrite ion concentration (−53.3% ± 2.9%, *p* \< 0.001) ([Figure 1B](#f1-ijms-14-12186){ref-type="fig"}). Bacteria exposed to GABA 10^−6^ M also showed an increase of cytotoxicity, but this effect was not significant. Muscimol (10^−5^ M), a selective agonist of eukaryote GABA~A~ receptors, and bicuculline (10^−5^ M), an antagonist of these receptors, were without effect on *P. fluorescens* MF37 cytotoxicity. Because glial cells can also detect GABA \[[@b26-ijms-14-12186]\], control studies were realized by direct treatment of glial cells with GABA (10^−5^ M), and we observed that GABA had no effect on glial cell viability. As previously demonstrated \[[@b25-ijms-14-12186],[@b27-ijms-14-12186]\], in our experimental conditions, *P. fluorescens* MF37 did not release detectable amounts of LDH and NO.

As adhesion is a key step in the expression of bacterial virulence, we investigated the adhesion potential of GABA treated *P. fluorescens* MF37 on cultured glial cells and glass. The binding index of GABA treated bacteria on primary cultures of rat glial cells was unchanged, but we observed a significant increase of adhesion (+55% ± 12%, *p* \< 0.01) on glass surfaces ([Figure 2](#f2-ijms-14-12186){ref-type="fig"}). The effect of GABA on *P. fluorescens* MF37 biofilm formation was studied using the crystal violet technique and confocal microscopy. When *P. fluorescens* MF37 was pre-treated only during the exponential growth phase, the crystal violet technique revealed a limited, but significant reduction of biofilm formation on polyvinyl chloride (PVC) microtitration plates (−7% ± 2%, *p \<* 0.05) after 48 h incubation, whereas there was no difference after 24 h ([Figure 3](#f3-ijms-14-12186){ref-type="fig"}). Conversely, when the bacteria were pre-treated during the exponential growth phase and the biofilm formation period, we observed a significant reduction of the biofilm after 24 h (−18% ± 4%, *p \<* 0.05), but this effect was not maintained at 48 h. A unique treatment with GABA during the biofilm formation period was without effect. When the biofilm formation activity of *P. fluorescens* MF37 was studied on glass slides by confocal microscopy, we did not observe any change in the morphology or thickness of 5, 24 and 48 h-old biofilms. Other strains of *P. fluorescens* originating either from agricultural soil (Pf0-1), plant leaves (SBW25), human skin (MFP05) or from the pulmonary tract and considered as an opportunistic pathogen (MFN1032) were studied in the same conditions. Only the biofilm formed by MFP05 was affected by GABA ([Figure 4](#f4-ijms-14-12186){ref-type="fig"}). There was no difference between the biofilms formed by control and GABA-treated bacteria after 5 h incubation. In contrast, the 24 h-old biofilm of GABA-treated MFP05 showed an irregular bacterial cluster and appeared more mature, its aspect being identical to a 30 h-old biofilm. This effect was transient, and after 48 h, the aspect of control and GABA-treated *P. fluorescens* MFP05 biofilms was the same.

As these results suggested an evolution of the surface properties of *P. fluorescens*, we investigated, by the microbial adhesion to solvent (MATS) technique, the surface hydrophilic character of the microorganism. The affinity of *P. fluorescens* MF37 to hexadecane was significantly increased after treatment by GABA (0.6% ± 0.2% for control, 3% ± 0.7% for GABA-treated bacteria, *p* \< 0.05) ([Figure 5A](#f5-ijms-14-12186){ref-type="fig"}), but the affinity of MF37 to hexadecane remained below 20%, which is considered the threshold value for highly hydrophilic bacteria \[[@b28-ijms-14-12186]\]. Then, it appears that the global polarity of this strain was unchanged. Complementary studies showed that the surface tension from the rinsing medium of *P. fluorescens* MF37 colonies was also the same before or after GABA treatment (55.7% ± 0.4 and 55.8 ± 2.2 mN/m, respectively) ([Figure 5B](#f5-ijms-14-12186){ref-type="fig"}), indicating that in both conditions, *P. fluorescens* MF37 was not producing biosurfactant susceptible to modulation of bacterial adhesion.

2.2. Effect of GABA on Secreted Diffusible Factors and Lipopolysaccharide Structure
-----------------------------------------------------------------------------------

In order to identify the origin of the effect of GABA on *P. fluorescens* MF37 cytotoxicity, we investigated the effect of GABA on the caseinase, esterase, amylase, elastase and hemolytic secreted activities of the bacterium, but no difference was observed between control and GABA-treated bacteria (data not shown). Then, we investigated the effect of GABA on the production of pyoverdine, a siderophore essential for the colonizing activity of *Pseudomonas* and for virulence in plants and animals \[[@b29-ijms-14-12186]\]. Using King B medium, a time-dependent increase of pyoverdine production was observed with both control and GABA-treated bacteria ([Figure 6A](#f6-ijms-14-12186){ref-type="fig"}). After 24, 32 and 48 h of incubation, the OD~400~/OD~580~ ratio used to monitor pyoverdine production was higher in GABA-treated bacteria, but the difference with control bacteria was not significant. For that reason, the same experiment was repeated using Bacto Casamino Acids (CAA) medium, another pyoverdine-inducing medium. An increase of pyoverdine was observed from 6 to 48 h of incubation, but it appeared clearly that GABA was not modulating pyoverdine production ([Figure 6B](#f6-ijms-14-12186){ref-type="fig"}).

The lipopolysaccharide (LPS) is one of the major virulence factors and the principal endotoxin of *Pseudomonas*. LPS extracted from *P. fluorescens* MF37 exposed or not to GABA was studied by MALDI-TOF mass spectrometry. We observed that the mass spectra of LPS extracted from control bacteria ([Figure 7A](#f7-ijms-14-12186){ref-type="fig"}) showed limited, but significant and repeatable, differences in comparison with the mass spectra of GABA-treated bacteria ([Figure 7B](#f7-ijms-14-12186){ref-type="fig"}). The modified peaks were found essentially in the region of low m/z fragments, considered as corresponding to lipid A fragments \[[@b30-ijms-14-12186]\]. Three peaks of a higher m/z ratio, presumably associated with fragments of the oligosaccharide core \[[@b30-ijms-14-12186]\], were also particularly decreased in GABA-treated bacteria, suggesting that GABA induced a large rearrangement of the LPS structure.

3. Discussion
=============

GABA is present from eukaryotes to bacteria and should have a pivotal role in inter-kingdom communication \[[@b31-ijms-14-12186],[@b32-ijms-14-12186]\]. We have recently described that GABA stimulates the virulence of the opportunistic pathogen, *P. aeruginosa* \[[@b13-ijms-14-12186]\]. The existence of GABA binding proteins or sensors in other *Pseudomonas* and, particularly, in *P. fluorescens* has been known for a long time \[[@b14-ijms-14-12186]\], but the physiological effect of GABA in this species was not investigated until now.

As shown with *P. aeruginosa* PAO1, GABA (10^−5^ M) had no effect on the growth kinetic and mobility of *P. fluorescens* MF37, but markedly affected the cytotoxic activity of this bacterium. LDH is a stable eukaryotic enzyme considered as a marker of necrosis or non-specific cell death, whereas nitrite ions can be employed as markers of apoptosis, since they are generated by the spontaneous conversion of nitric oxide (NO) during eukaryotic cells apoptosis \[[@b25-ijms-14-12186],[@b33-ijms-14-12186]\]. Whereas the release of LDH from glial cells exposed to GABA-treated bacteria was increased, the concentration of NO was significantly decreased. These results are only contradictory in appearance, since the time course of necrosis is more rapid than required for induction of apoptosis \[[@b34-ijms-14-12186]\], and a rapid induction of necrosis can prevent the activation of apoptosis \[[@b35-ijms-14-12186]\]. It is also interesting to note that the absence of response of *P. fluorescens* MF37 to muscimol and bicuculline suggests that in this strain, the GABA sensor is not related to the muscimol-sensitive GBP protein identified by Guthrie *et al.* \[[@b36-ijms-14-12186]\] in an environmental strain of *P. fluorescens*. The virulence of *P. fluorescens* is highly variable and appears strain- and environment-dependent. A psychrotrophic strain, such as *P. fluorescens* MF37, has a marked cytotoxic activity on animal cells \[[@b25-ijms-14-12186]\], and some clinical strains have an infectious potential in the same range as *P. aeruginosa* \[[@b21-ijms-14-12186]\]. Conversely, in plants, *P. fluorescens* is essentially, if not always, considered as a protecting agent \[[@b20-ijms-14-12186],[@b37-ijms-14-12186]\]. Also, GABA appears to have opposite effects on bacterial virulence in plants and animal models. Indeed, as in *P. aeruginosa* \[[@b13-ijms-14-12186]\], GABA acts as promoter of *P. fluorescens* cytotoxicity on rat glial cells, whereas in a phytopathogen, such as *A. tumefaciens*, GABA reduces the virulence \[[@b18-ijms-14-12186]\]. This should be correlated to the different functions of GABA in plants, where it is a main contributor of the defense system \[[@b38-ijms-14-12186]\], and in animals, where its protective role is apparently marginal \[[@b39-ijms-14-12186]\]. Alternatively, these differences should reflect opposite adaptation processes between α- and γ-Proteobacteria, such as *Agrobacterium* and *Pseudomonas*.

Bacteria have two lifestyles, *i.e.*, planktonic and in biofilms. In biofilms, bacteria are protected against the action of antibiotics and host immune system molecules \[[@b40-ijms-14-12186]\]. We tested the effect of GABA on *P. fluorescens* adhesion and biofilm formation activity on living cells, PVC (hydrophobic) and glass (hydrophilic) surfaces. GABA did not modify the initial binding index of *P. fluorescens* MF37 on living glial cells, but increased its adhesion on glass. On PVC, we observed a significant reduction of the biofilm formation activity only after 48 h, when the bacteria were pretreated with GABA during their growth phase, and after 24 h (but not after 48 h), when the bacteria were pretreated both during the growth phase and the biofilm formation period. These results suggest that only bacteria in the early growth phase are sensible to GABA either, because they express a sensor differently or, as in biofilm, GABA is unable to affect their physiology. We also tested the effect of GABA on the biofilm formation activity of bacteria on glass to observe the biofilm structure. This study was performed on *P. fluorescens* MF37, but also in other strains from environmental (Pf0-1, SBW25), clinical (MFN1032) or human skin (MFP05) origin. GABA did not affect the structure and the thickness of the biofilms, except in the case of MFP05, where GABA induced an apparent increase of the biofilm maturation speed. GABA is synthesized and released in skin \[[@b41-ijms-14-12186]\], and the response of MFP05 to GABA should represent an adaptation response to host signals. It is interesting to note that human skin *P. fluorescens* are special. Indeed, whereas these bacteria are found in abundance on skin regions in metagenomic studies \[[@b42-ijms-14-12186]\], they are rarely cultivable \[[@b43-ijms-14-12186]\], suggesting that they require specific growth conditions. In agreement with our results, this points out the high heterogeneity of *P. fluorescens* and their dependence in regards to the microenvironment.

As bacterial adhesion is governed by the surface properties, we investigated the effect of GABA on the hydrophobicity, biosurfactant production and LPS structure of *P. fluorescens* MF37. The surface hydrophobicity of the bacteria was estimated by the MATS technique. The affinity of *P. fluorescens* MF37 to hexadecane is under 20% ; then, according to Bellon-Fontaine *et al.* \[[@b28-ijms-14-12186]\], this strain was hydrophilic in our experimental conditions. GABA significantly increased the affinity of *P. fluorescens* MF37 to hexadecane, but the general hydrophilic character of the bacterium was preserved. It is known that biosurfactants synthesized by *P. fluorescens* are implicated in surface adhesion and biofilm formation \[[@b44-ijms-14-12186]\]. The possible effect of GABA on biosurfactants production was studied by direct measurement of the surface tension of the rinsing medium of bacterial colonies. In control medium, this value was over 40 mN/m, indicating that *P. fluorescens* MF37 was not producing biosurfactants, and this surface tension was unchanged after GABA treatment. As in parallel, GABA did not interfere with the swimming or swarming potential of *P. fluorescens* MF37; this suggests that the structure and activity of flagella and pili were not modified. This is not excluding that GABA could interfere with other adhesins, but, if any, this effect should be marginal.

*P. fluorescens* releases different diffusible enzymatic activities, but none was modified by GABA. Similarly, pyoverdine, which can trigger cytotoxicity \[[@b45-ijms-14-12186]\], was also unaffected. In order to identify the factor responsible for the evolution of the cytotoxicity and surface properties of GABA-treated *P. fluorescens* MF37, we investigated the effect of GABA on the LPS structure. LPS is the major endotoxin of *Pseudomonas*, and it is known to play a key role in bacterial adhesion \[[@b46-ijms-14-12186],[@b47-ijms-14-12186]\]. MALDI-TOF mass spectra of LPS extracted from control and GABA-treated *P. fluorescens* MF37 showed limited, but repeatable differences. These differences were essentially observed in low m/z LPS sub-fragments that should be generated by cleavage of lipid A. Interestingly, in *P. aeruginosa*, structural changes in this region have been associated with an increase in necrotic activity \[[@b30-ijms-14-12186]\]. As observed in the case of growth temperature variations \[[@b27-ijms-14-12186]\] or exposure to natriuretic peptides \[[@b35-ijms-14-12186]\], the virulence of *P. fluorescens* MF37 appears modulated by a rearrangement of the LPS structure. It should be noted that NO has, by itself, a high cytotoxicity on glial cells \[[@b48-ijms-14-12186]\], but its production by cells exposed to GABA-treated bacteria was reduced, suggesting that its contribution to glial cell death is marginal. Then, although *P. fluorescens* MF37 and *P. aeruginosa* PAO1 respond to GABA by an increase in cytotoxicity, the mechanisms appear to be very different. In *P. aeruginosa*, the effect of GABA is due to an over-production of a diffusible virulence factor (HCN) \[[@b13-ijms-14-12186]\], whereas in *P. fluorescens*, it is essentially, if not only, dependent on the LPS structure and, then, contact-dependent.

4. Experimental Section
=======================

4.1. Bacterial Strains and Culture Conditions
---------------------------------------------

*P. fluorescens* MF37 is a natural rifampicin-resistant mutant of the strain MF0 from raw milk \[[@b49-ijms-14-12186]\]. This strain is a model of psychrotrophic *Pseudomonas* widely used in our laboratory. *P. fluorescens* MFN1032 is a clinical strain adapted to grow at 37 °C collected from a pulmonary tract infection \[[@b21-ijms-14-12186]\]. It is considered to be a nosocomial bacterium. *P. fluorescens* MFP05 was collected from human skin, where this species is considered as a member of the transient bacterial microflora. *P. fluorescens* SBW25 and Pf0-1 are environmental bacteria. The SBW25 strain was isolated from plant leaves, whereas the Pf0-1 strain was isolated from agricultural soil \[[@b50-ijms-14-12186]\]. For pre-treatment, bacteria were transferred to 25 mL of nutrient broth (NB, Merck, Darmstadt, Germany) containing or not containing GABA (10^−5^ M) and were cultured at 28 °C, until the beginning of the stationary phase. The density of the bacterial suspension was determined by absorption at 580 nm (ThermoSpectronics, Cambridge, UK).

4.2. Swimming and Swarming Mobility Tests
-----------------------------------------

Cultures of *P. fluorescens* MF37 in NB in the early stationary phase were collected and centrifuged (10 min, 6000 rpm). For the swimming mobility test, plates containing 0.3% agar were inoculated on the surface using a needle previously soaked with the centrifugation pellet. The plates were incubated at 28 °C until the development of a migration halo. The diameter of the halo was measured between 4 and 48 h after inoculation. The values of mobility were determined over a minimum of 3 independent measures. For the swarming mobility test, the same protocol was used, except that NB medium was supplemented with 0.5% agar.

4.3. Cytotoxic Activity Tests
-----------------------------

The effect of GABA, muscimol and bicuculline on the cytotoxic activity of *P. fluorescens* MF37 was investigated on primary cultures of rat glial cells using biochemical indicators of apoptosis and necrosis, as previously described \[[@b25-ijms-14-12186],[@b27-ijms-14-12186]\]. Rat glial cells, obtained from newborn (24--48 h) rat brain, were grown in DMEM/Ham's medium (2/1) supplemented with 10% fetal calf serum, 2 mM glutamine, 0.001% insulin, 5 mM HEPES, 0.3% glucose and 1% antibiotic-antimycotic solution (Biowhittaker, Emerainville, France). The cells were layered at a concentration of 10^5^ cells/well on 24 well-plates coated with poly-[l]{.smallcaps}-lysine (50 μg.mL^−1^) and kept at 37 °C in a 5% CO~2~ humidified atmosphere. Glial cells were allowed to grow for 12--16 days before use. For the tests, bacteria were pretreated with GABA overnight (18 h) at 28 °C. Before the tests, bacteria in the stationary phase were harvested by centrifugation (6000 rpm, 5 min) and rinsed 3 times to remove any trace of free GABA. Bacteria were then re-suspended at a density of 10^6^ CFU.mL^−1^ in glial cell culture medium without antibiotics and antimycotics and incubated with glial cells during 24 h. The concentration of LDH was determined using the Cytotox 96^®^ Enzymatic Assay (Promega, Charbonnieres, France). Nitrite ions (NO~2~^−^) resulting from the spontaneous conversion of nitric oxide (NO) in the incubation medium were measured using the Griess colorimetric reaction.

4.4. Evaluation of the Bacterial Biofilm Formation Activity by the Crystal Violet Technique
-------------------------------------------------------------------------------------------

The biofilm formation activity of *P. fluorescens* MF37 was studied using the crystal violet technique adapted from O'Toole and Kolter \[[@b51-ijms-14-12186]\]. Cultures of *P. fluorescens* MF37 grown in NB and in the early stationary phase were centrifuged for 10 min at 6000 rpm and rinsed with sterile water NaCl 0.9% (SPW). Then, an aliquot of 100 μL of a bacterial culture adjusted to an OD~580~ = 0.4 was layered in a polystyrene microtitration plate (96 wells) and incubated for 24 or 48 h. In a first series of experiments, bacteria were grown in the absence of GABA, but were exposed to the molecule during the biofilm formation. In a second series of experiments, bacteria were grown in the presence of GABA, but GABA was not added to the medium during the biofilm formation step. In a third series of experiments, bacteria were grown with GABA, as previously, but the medium in PVC microtitration plates was supplemented with GABA to maintain the treatment during the 24 to 48 h of biofilm formation. At the end of the incubation time (24 h or 48 h) at 28 °C, the OD~595~ was measured. After removal of the bacterial suspension and rinsing with SPW, bacteria and matrix bound to the wells were stained with 150 μL of crystal violet (0.1%, 30 min). After rinsing, the dye was recovered by adding 150 μL of SDS (1% in sterile water, 15 min), and the OD~595~ nm of the solution was measured. Data were normalized as a percentage of biofilm density in the absence of treatment. The percentage of biofilm formation was evaluated by the following equation:
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4.5. GFP Transformation
-----------------------

*P. fluorescens* MF37, SBW25, MFN1032, Pf0-1 and MFP05 were transformed with the pSMC2.1 plasmid \[[@b52-ijms-14-12186]\]. The plasmid was extracted from an *E. coli* strain containing the green fluorescent protein (GFP) gene and a kanamycin resistance cassette. Briefly, 1.5 mL aliquots of bacterial cultures realized in LB medium at 28 °C and reaching an OD~580~ between 1 and 2 were centrifuged for 1 min at 13,000 rpm. The pellet was washed 3 times with 300 μL of sucrose (300 mM) and re-suspended in 100 μL of sucrose (300 mM). For the Pf0-1 strain, the pellet was washed and re-suspended using cold distilled water. Competent cells were mixed with 5 μL of pSMC2.1 plasmid and electroporated at 1800 V. After electroporation, bacteria were incubated in 1 mL of LB medium for 1 h at 28 °C under 180 rpm agitation. A small volume of the culture (100 μL) was layered on LB agar supplemented with kanamycin (200 μg/mL). After 24 h of incubation, transformed bacteria were observed by confocal microscopy (LSM 710, Zeiss, Oberkochen, Germany) to verify the integration of the plasmid and the production of a green fluorescent signal.

4.6. Confocal Microscope Study of the Bacterial Biofilm Formation Activity on Glass Surfaces
--------------------------------------------------------------------------------------------

A pre-culture and cultures of the GFP transformed strains of *P. fluorescens* were realized in NB medium, supplemented with kanamycin (200 μg/mL) for MFN1032, MF37 and SBW25. The plasmid was stable in the strains MFP05 and Pf0-1, and the antibiotic pressure was not necessary. After 24 h of incubation with or without GABA (10^−5^ M), bacteria were centrifuged at 7000× *g* for 10 min at room temperature. The pellets were washed one time with SPW and adjusted at OD~580~ = 1 in a final volume of 25 mL. Glass slides, washed beforehand with ethanol, were placed in Petri dishes, covered with the bacterial suspension and incubated at 28 °C in static condition. After 2 h, glass slides were washed two times with SPW. One slide was heath fixed to control the adhesion capacity of the bacteria, and the others were covered with 25 mL of NB and incubated at 28 °C. After 5, 24 and 48 h of incubation, one glass slide was washed two times with SPW, dried, fixed and observed with a confocal microscope (LSM 710, Zeiss) using an ×63 immersion objective. Images were processed using Zen software (Zeiss, 2009); a median filter was applied, images were segmented and fluorescence was quantified.

4.7. Evaluation of Bacterial Surface Properties
-----------------------------------------------

The binding index of bacteria on biological (cell) surfaces was determined using the gentamicin exclusion test \[[@b33-ijms-14-12186]\]. Glial cells were exposed to bacteria (10^6^ CFU·mL^−1^) in culture medium without antibiotics and antimycotics for 4 h. At the end of the incubation period, cultures were rinsed 3 times with fresh medium to remove unattached bacteria. A part of the wells was immediately treated with 500 μL of Triton X100 in SPW (0.1% *v*/*v*) for 15 min at 37 °C. After plating and incubation for 2 days at 28 °C, the total number of bacteria present at the surface and in the cells was determined. Other wells were exposed to gentamicin (300 μg·mL^−1^) for 1 h at 37 °C, rinsed 3 times and then treated with Triton X100 (0.1%) for 15 min. Extracellular bacteria were killed by gentamicin, and the colonies obtained after culture correspond to bacteria exclusively present in the intracellular compartment. The number of adherent bacteria was calculated as the difference between the total number and the intracellular bacteria.

The binding index of bacteria on glass slides was determined by direct counting. Before use, glass slides were cleaned by immersion in ethanol (70% in water), rinsed in sterile water and treated with TFD4 detergent (4% in 50 °C water) for 1 h to remove any traces of lipids. Then, glass slides were rinsed in sterile water and dried under laminar air flow. A bacterial suspension (10^8^ CFU·mL^−1^ in SPW) was layered on each glass slide. Bacteria were allowed to adhere for 2 h at 28 °C. Non-adherent bacteria were removed by rinsing with SPW, and the remaining adherent bacteria were immediately stained with acridine orange (0.01% in SPW) for 20 min. After rinsing in SPW and drying, the slides were observed using an epifluorescence microscope Zeiss Axiovert 100 equipped with a Nikon DXM1200F color camera. The binding index was determined by counting a minimum of 20 homologous fields.

The surface polarity of bacteria was determined using the microbial adhesion to solvent (MATS) technique \[[@b28-ijms-14-12186]\]. Bacterial cultures treated or not with GABA (10^−5^ M) were harvested by centrifugation for 10 min at 10,000× *g*. Pellets were rinsed 2 times with SPW and diluted to OD~400~ = 0.8. An aliquot of bacterial suspension (2.4 mL) was mixed with 0.4 mL of hexadecane in glass tubes. The tubes were vigorously hand-shaken for 10 s, vortexed for 45 s and hand-shaken again for 10 s. After 15 min, the OD~400~ of the aqueous phase was measured. The percentage of affinity for hexadecane was calculated by the relation: \[(OD control − OD test)/OD control\] × 100.

In this relation, OD control corresponds to the OD~400~ of bacterial suspension without hexadecane, and OD test corresponds to the OD~400~ of bacterial suspension with hexadecane.

4.8. Surface Tension and Biosurfactant Production in Bacterial Culture Medium
-----------------------------------------------------------------------------

The biosurfactant production was monitored indirectly by measuring the surface tension of the rinsing solution (SPW) of colonies of *P. fluorescens* grown during 48 h on solid NB medium, using the Wilhelmy plate technique \[[@b53-ijms-14-12186]\].

4.9. Study of the Lipopolysaccharide Structure
----------------------------------------------

The lipopolysaccharide (LPS) was purified from *P. fluorescens* MF37, as described by Darveau and Hancock \[[@b54-ijms-14-12186]\]. Bacteria in the early stationary phase were harvested by centrifugation (6000× *g*, 10 min, 4 °C). Each pellet was re-suspended in 10 mM Tris-buffer 10 mM containing 2 mM MgCl~2~, 200 μg mL^−1^ pancreatic DNase and 50 μg·mL^−1^ pancreatic RNase and was submitted to sonication (4 burst of 30 s, probe density 70). The suspension was then incubated for 2 h at 37 °C. Then, 0.5 M tetrasodium-EDTA, 100 μL of Tween 20 and 10 mM Tris-hydrochloride were added. The samples were centrifuged (10,000× *g*, 30 min, 20 °C) to remove the peptidoglycan. The supernatants were incubated overnight with 200 μg/mL of protease, at 37 °C, with constant shaking. Two volumes of 0.375 M MgCl~2~ in 96% ethanol were added. The samples were then centrifuged (12,000× *g*, 15 min, 4 °C), and the pellets were sonicated in a solution of Tween 20, 0.5 M tetrasodium-EDTA and 10 mM MgCl~2~. The pH of the solutions was lowered to 7 to prevent lipid saponification. The solutions were incubated for 30 min at 85 °C, to ensure that outer membrane proteins were denatured, and the pH of the solutions was increased to 9.5. Protease was then added, and the samples were incubated overnight at 37 °C. Two volumes of 0.375 M MgCl~2~ in 96% ethanol were added, and the samples were centrifuged (12,000× *g*, 15 min, 4 °C). The pellets were re-suspended in 10 mM Tris-HCl, sonicated and centrifuged twice to remove insoluble Mg^2+^-EDTA crystals. The supernatants were then centrifuged (62,000× *g*, 2 h, 15 °C). The pellets containing the LPS were re-suspended in distilled water. The LPS extracts were analyzed by Matrix-Assisted Laser Desorption/Ionization Time-of-Flight mass spectrometer (MALDI-TOF) using an Autoflex III TOF/TOF 200 MALDI mass spectrometer (Bruker Daltonics Wissembourg, France). For analysis, a 1 μL aliquot of purified LPS was spotted onto a steel target plate and air dried. A volume of 1 μL of a solution of α-cyano-4-hydroxycinnamic acid matrix (14 mg/mL in acetonitrile/2.5% trifluoroacetic acid, *v*/*v*) was added on each spot and dried at room temperature. The mass spectrometer was equipped with a pulsed YAG 200 Hz laser and was run in the positive mode. Instrument calibration was achieved by using calibration standards (Care, Bruker Daltonics, Wissembourg, France) spotted on the same target plate. Each spectrum was established over 200 laser shots.

4.10. Detection of Diffusible Virulence Factors
-----------------------------------------------

Little is known about diffusible virulence factors produced by *P. fluorescens*. In the present study, we focused on the production of exoenzymes and pyoverdine.

Secreted caseinase, esterase, amylase and hemolytic activities were studied from cultures on milk, Tween 80, starch and Columbia blood supplemented agar medium, respectively. For these tests, the medium was inoculated on the surface using a needle previously soaked with the centrifugation pellet and were incubated at 28 °C until the development of a halo revealing the bacterial enzymatic activity. The diameter of the halos was measured 24 h and 48 h after incubation.

The elastase activity was measured in liquid bacterial culture medium using an elastin/Congo red assay. Filtered supernatant (50 μL) was mixed with 1 mL of Tris buffer (0.1 M Tris-HCl pH 7.2, 1 mM CaCl~2~) containing 20 mg of elastin/Congo red (Sigma, St Quentin Fallavier, France). The tubes were incubated at 28 °C with agitation. After 18 h, the tubes were chilled on ice, and the reaction was stopped by adding 0.1 mL EDTA 0.12 M. Non-soluble elastin/Congo red was removed by centrifugation, and the OD~490~ was measured.

Pyoverdine production was monitored from 6 to 48 h of bacterial culture. To promote pyoverdine production, bacteria were grown on King B medium (for 1 L: 10 g glycerol; 20 g polypeptone; 1.5 g K~2~HPO~4~; 6 mM MgSO~4~, 7 H~2~O; pH 7) or in Bacto Casamino Acids (CAA) medium (for 1 L: 5 g of casamino acid; 0.9 g of K~2~HPO~4~; 2 mM MgSO~4~, 7H~2~O; pH 7.4). Pyoverdine production was expressed as the ratio OD~400~/OD~580~ of the supernatant after removal of the bacteria by centrifugation (5 min, 10,000× *g*).

4.11. Statistical Analysis
--------------------------

For all the results, each value reported for the assays is the mean of measurements from a minimum of three independent preparations. The Student *t*-test was used to compare the means within the same set of experiments.

5. Conclusions
==============

In this present study, we demonstrate that GABA increases the cytotoxicity of *P. fluorescens* MF37 through modifications of the LPS structure. Furthermore, we observed that GABA can affect the biofilm formation activity and the surface polarity of the bacterium. These properties are not shared by all *P. fluorescens* strains, suggesting that GABA-sensitive strains adapted in response to specific environmental conditions. The mechanisms of virulence modulated by GABA in *P. fluorescens* and in *P. aeruginosa* are totally different, suggesting the existence of different detection and regulatory mechanisms.
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![Effect of GABA, the GABA~A~ receptor agonist muscimol and the GABA~A~ receptor antagonist bicuculline (10^−5^ M) on the cytotoxicity of *P. fluorescens* MF37 on eukaryotic (glial) cells. The necrotic activity of the bacterium was determined by assay of lactate dehydrogenase (LDH) in the culture medium. (**A**) The apoptotic activity was evaluated by the assay of nitrite; (**B**) in which nitrites are produced upon activation of NO-synthase in the target cell. Dotted lines indicate the production of LDH and nitrites in the medium of control eukaryotic cells not exposed to the bacterium (★★★: *p* \< 0.001).](ijms-14-12186f1){#f1-ijms-14-12186}

![Effect of GABA (10^−5^ M) on the adhesion properties of *P. fluorescens* MF37 to eukaryotic cells or glass. Adhesion is expressed as the percentage of the control value (dotted line) (NS: non-significant; ★★: *p* \< 0.01).](ijms-14-12186f2){#f2-ijms-14-12186}

![Effect of GABA (10^−5^ M) on the biofilm formation activity of *P. fluorescens* MF37 in 96-well PVC microtitration plates. The biofilm formation activity of bacteria was measured after 24 or 48 h of incubation. Bacteria were exposed to GABA only during the growth phase (pretreatment), only during the biofilm formation period (during biofilm) or continuously during growth and biofilm formation (pretreated + during biofilm). The biofilm formation activity is expressed as the percentage of the control value (dotted line). (NS: non-significant; ★: *p* \< 0.05).](ijms-14-12186f3){#f3-ijms-14-12186}

![Effect of GABA (10^−5^ M) on the biofilm formation activity of *P. fluorescens* MFP05 on glass slides. 2D, 3D and 3D/z figures resulting from confocal laser scanning observations were realized after 24 and 48 h of biofilm formation.](ijms-14-12186f4){#f4-ijms-14-12186}

![Effect of GABA (10^−5^ M) on the global surface polarity (**A**) and biosurfactant production (**B**) of *P. fluorescens* MF37. The surface polarity was determined by measurement of the affinity of bacteria to hexadecane. The biosurfactant production was estimated by measurement of the surface tension of rinsing solutions of bacterial colonies grown on solid agar medium. (NS: non-significant; ★: *p* \< 0.05).](ijms-14-12186f5){#f5-ijms-14-12186}

![Effect of GABA (10^−5^ M) on pyoverdine production by *P. fluorescens* MF37. The pyoverdine production was measured in King B (**A**) and Bacto Casamino Acids (CAA) (**B**) medium. The production of pyoverdine is expressed as the ratio of pyoverdine adsorption (OD~400~) on the OD~580~ nm of the bacterial culture.](ijms-14-12186f6){#f6-ijms-14-12186}

![MALDI-TOF analysis of the lipopolysaccharide (LPS) extracted from control (**A**) and GABA-treated (**B**) *P. fluorescens* MF37. Each figure is a representative example of three different analysis. Arrows indicate peaks particularly modified between control and GABA-treated bacteria.](ijms-14-12186f7){#f7-ijms-14-12186}
